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Abstract. A novel high-average-power pulsed CO2 laser with a unique
electrode structure is presented. The operation of a 5-kW transverse-
flow CO2 laser with the preionized pulse-train switched technique results
in pulsation of the laser power, and the average laser power is about 5
kW. The characteristic of this technique is switching the preionized
pulses into pulse trains so as to use the small preionized power (hun-
dreds of watts) to control the large main-discharge power (tens of kilo-
watts). By this means, the cost and the complexity of the power supply
are greatly reduced. The welding of LF2, LF21, LD2, and LY12 aluminum
alloy plates has been successfully achieved using this laser. © 2005 So-
ciety of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1921187]
Subject terms: pulsed CO2 laser; preionized pulse-train switched technique; laser
welding; Al alloys; mechanical properties.
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The advent of pulsing techniques for high-power lasers has
dramatically broadened laser applications such as lidar, la-
ser isotope separation, laser chemistry, oceanic sounding,
spacecraft, and light aircraft. In laser material processing, a
pulsed laser often has higher efficiency than a continuous
wave ~cw! laser of the same average power level. The rea-
son is that it is easier for the peak laser pulse to damage the
surface, especially of high-thermal-conductivity and high-
reflectivity materials. For example, laser pulses with high
peak power create a keyhole in the laser-material interac-
tion zone, which is needed for deep penetration welding.
Several techniques have been reported to achieve CO2
laser operation in pulsed mode. Based on HPL-10 and
HPL-200 cw CO2 lasers, Avco Research Laboratory ~ARL!
developed a new high-power pulsed laser ~HPPL-300! to
achieve pulsed laser output.1 Mitsubishi Electric Corpora-
tion developed two types of pulsed CO2 lasers, a silent-
discharge-excited 2.5-kW CO2 laser and a microwave-
discharge-excited CO2 laser.2,3 H. J. Baker employed a
modulated rf supply to achieve pulsed laser output.4 This
means directly modulating the discharge power supply. The
loss modulation technique is another choice to achieve
pulsed laser output, involving the use of a controllable out-
put coupler,5 Q switch,6 etc.
When the pulsation in laser power is achieved by di-
rectly modulating the supply power, if the laser average
power reaches several kilowatts, the main supply should be
able to provide tens of kilowatts. It is very complex and
expensive to make the supply work efficiently in pulsed
mode. At the same time, the loss modulation technique
would lose a part of power and make the efficiency lower.
Peng et al. developed a model of pulse discharge in a
high-power fast-axial-flow CO2 laser to obtain superpulsed
0091-3286/2005/$22.00 © 2005 SPIE064201Optical Engineeringlaser output.7,8 Seguin et al. used an externally impressed
burst-mode ionization source to realize pulsed operation of
a photoinitiated, impulse-enhanced, electrically excited
~PIE! laser.9–11 Such lasers are reliable and cost-effective
means to overcome the deficiencies previously mentioned.
So, on the basis of the burst-mode technique, we have de-
veloped the preionized pulse-train switched technique to
achieve pulsed output with a high-average-power CO2 la-
ser. A simple, innovative preionized tube–plank-electrode
structure was used for this laser.
Using a high-energy source, laser welding has many ad-
vantages, such as lower heat input, lower distortion, nar-
rower heat-affected zone ~HAZ!, and higher processing ef-
ficiency, over conventional welding techniques. Previous
investigations12–14 have indicated high thermal diffusivity,
high incident-beam reflection, and porosity as the primary
obstacles to achieving acceptable laser welds of Al alloys.
Because of the high free-electron density in Al alloys, their
reflectivity to a 10.6-mm-wavelength CO2 laser beam is
very high. When the power density is high enough, how-
ever, a keyhole is created, which greatly increases the ab-
sorption coefficient and makes it easy to weld. Generally
the threshold value to generate a keyhole for Al alloys is
more than 106 W/cm2.
The purpose of this presentation is to examine the weld-
ing ability of a pulsed CO2 laser for the Al alloys LF2,
LF21, LD2, and LY12. To evaluate the welds, metallo-
graphic investigations, hardness measurements, tensile
tests, and scanning electron microscopy of the fracture ar-
eas were performed.
2 Preionized Pulse-Train Switched Technique
2.1 Principle and Electrical Circuit
The preionized pulse-train switched technique is based on
the utility of the non-self-sustained glow discharge. It is
due to the large difference between the potentials for ignit--1 June 2005/Vol. 44(6)
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of the preionizer system enables the laser’s pumping cur-
rent to be turned on or off at will, without adjustment of the
dc power supply. The preionized pulse train is realized
through modulation of the preionizer’s pulse switching
circuit.15
If the preionizer is operated in the train mode, i.e. modu-
lating the high-frequency pulses on and off in a repetitive
manner, the high-voltage preionizer can be made to pro-
duce a preselected number ~train! of 5-kHz output impulses
at an adjustable recurrence rate ~train repetition rate!. This
constitutes the preionized pulse train.
The preionized pulse-train produces the initial electron
density within the laser plasma, which greatly decreases the
ignition potential and optimizes the E/N ratio of the pump-
ing discharge. This in turn makes the vibrational excitation
of the laser medium more efficient. In a preionized pulse
train, the subsequent high-frequency pulses further enhance
the main discharge. During the intervals between pulses in
the preionized pulse trains, there is no preionized discharge
across the electrodes, which greatly increases the ignition
potential, putting it well above the sustained voltage. If the
dc vibrational pumping voltage magnitude is insufficient to
maintain a glow discharge, then the laser plasma will be
extinguished and the main discharge will be terminated.
This pulser-based laser-plasma creation process is ex-
tremely efficient, and less than 0.5% of the power is depos-
ited into the discharge. So we can employ the preionizer
with only hundreds of watts of average power ~100 to 250
W! to control the tens of kilowatts ~20 to 30 kW! or even
more of dc input power, so as to achieve high-average-
power repetitively pulsed CO2 laser output.
The train repetition rate and the number of high-
frequency pulses in each preionized pulse train also influ-
ence the gain of the medium. We can modulate the train
repetition rate and the number of high-frequency pulses in
each preionized pulse train to vary the pulsed CO2 laser
output.
Figure 1 is the circuit diagram for the preionized pulse-
train switched technique. The circuit elements in Fig. 1 are
as follows: Ls is the saturation inductance, D is the highly
inverse-voltage-resistant diode, Cs is the reservoir capaci-
tance, Cb is the ballast capacitance of the preionized pins,
C1 and C2 are the feedthrough capacitances, Lb is the shunt
inductance, L f is the filter inductance of the dc supply, with
the additional function of buffering the pulsed signal, R is
the ballast resistance for the copper plank anode, and HT is
the hydrogen thyratron, which provides 5-kHz pulses with
hundreds of watts of average power.
Fig. 1 Circuit diagram of preionized pulse-train switched technique.064201Optical EngineeringIn Fig. 1, HT is triggered by the switched pulse signal
and produces a high-voltage preionized pulse train. Each
high-frequency pulse in each train will produce a certain
initial electron density across the preionized pins, the cath-
ode tube, and the plank anodes. Under the action of the
electric field impressed by the dc supply, the initial elec-
trons drift towards the anode, collide with molecules, and
create an electron avalanche, with the result that the elec-
tron density increases greatly. The main discharge thus be-
gins. When the high-frequency pulse is over, the main dis-
charge undergoes recombination. Thus, the electron density
decreases, the current declines, and the voltage rises. Dur-
ing the intervals between pulses in the preionized pulse
train, the main discharge is interrupted due to the extinction
of the high-frequency pulse.16
2.2 Laser Operation
In the experiments, the laser was a 5-kW transverse-flow
cw CO2 laser developed by Shanghai Institute of Optics
and Fine Mechanics, Chinese Academy of Sciences. The
preionizer is modulated into a six-on, six-off preionized
pulse train. CO2 , N2 , and He are used as the gas mixture,
with the volume ratio CO2 :N2 :He51:8:11, and the total
gas pressure is 11 kPa. The gas flow velocity in the dis-
charge zone is 80 m/s. In the experiments, average main
voltage is 2.5 kV, the average main current is 16 A, and
average laser power output is 5.5 kW. A Tektronix P6015A
high-voltage probe is used to measure the voltage, and a
Rogowski model 110 coil is used to measure the current.
After attenuation, the laser power is measured by the
GAT300 fast pyroelectric detector.
Figure 2 shows oscilloscope traces of voltage and cur-
rent for the main discharge across the electrodes. The upper
trace is for voltage, the lower one for current. When the
preionized pulse-train provides preionization in the dis-
charge zone, the main current flows around the main dis-
charge circuit and there is divider voltage on the ballast
resistance R, so the voltage is lower. When the preionized
pulse train is off, i.e., during the intervals between pulses,
there is no divider voltage on the ballast resistance R be-
cause there is no current in the main discharge circuit; then
the voltage is higher.
Fig. 2 Oscilloscope traces of voltage and current for the main dis-
charge across the electrodes. Upper trace: voltage; lower trace: cur-
rent. Sweep speed: 1 ms/div.-2 June 2005/Vol. 44(6)
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charge current and the laser output. The upper trace is the
laser output, the lower one the main discharge current. The
laser output displays power pulsation and is clearly modu-
lated by the current. The typical laser pulse width for full
angle at half maximum ~FAHM! is ’0.5 ms; the peak
power is ’10 kW, which is twice of the average power.
Each pulse of the laser power has ’5-J energy.
The cavity is a concave-convex type for selecting trans-
verse modes. The advantages of the cavity are good mode
selection, large mode volume, large tolerance, and small
divergence.
3 Welding of Aluminum Alloys
The Al alloys used in this experiment are wrought alloys.
They can be classified as anticorrosive Al alloys ~LF2 and
LF21!, forging Al alloy ~LD2!, and duralumin alloy
~LY12!. The nominal compositions of the Al alloys are
listed in Table 1. Prior to laser welding, samples were
cleaned and degreased with acetone.
3.1 Experimental Setup
The experimental setup is shown in Fig. 4. The laser beam
is focused by a 90-deg off-axis parabolic mirror ~focal
length f 560 mm) on the workpiece. The spectral signal
above the keyhole and the melt pool, collected by a detec-
tor, is first filtered and amplified, then transferred to the
computer. A silicon photovoltaic diode with a spectral
range from 0.2 to 1.1 mm is used, and a filter with a pass-
Fig. 3 Oscilloscope traces of the main discharge current and the
laser output. Sweep speed: 0.5 ms/div.064201Optical Engineeringband from 0.2 to 0.4 mm. The laser is operated in pulsed
mode. The beam quality factor M 2 is near 1.2, the beam
waist size is 4 mm, the divergence angle is near 1.0 mrad,
and the focused spot size is 0.15 mm. LF2, LF21, LD2, and
LY12 Al alloy plates are butt-welded with low-order mode
power varied from 2.5 to 3.5 kW. The pulse frequency is
410 Hz, the pulse width ~FAHM! is ’0.5 ms, and the peak
power is 6 kW. The translation speed ranges from 50 to 120
cm/min. The gas nozzle with 1-mm diameter is placed at an
angle of approximately 30 deg to the plate and perpendicu-
lar to the welding direction. The assisting gas consists of
argon and nitrogen, and its pressure is about 0.3 MPa.
3.2 Creating an Artificial Keyhole
Because of the high reflectivity and high thermal diffusivity
of Al alloys, it is difficult to generate a keyhole in laser
penetration welding. While butt-welding, the gap between
the two butt plates can be considered as an artificial key-
hole: the surface of the gap is much rougher than the sur-
faces of the welding samples. This improves the energy
absorption and makes it easy to generate a keyhole. While
creating an artificial keyhole, the gap must be suitably set
and smaller than the focused spot size of the laser beam, in
order to couple the energy into the workpiece rather than
penetrate the gap. The experiments indicate that the width
of the gap should be smaller than 15% of the thickness of
the plate.
3.3 Results
3.3.1 Photograph of the welds of Al alloys
Figure 5 is a photograph of the welds of Al alloys. The
weld thickness of Al alloy plates reached 2.7 mm with
3-kW laser average output power. Microhardness and ten-




(mm)Cu Mg Mn Si Others Al
LF2 — 2.0–2.8 — — 0.15–0.4 Mn/Cr Bal. 1.0, 2.0, 2.5
LF21 — — 1.0–1.6 — — Bal. 1.0, 1.2
LD2 0.2–0.6 0.45–0.9 — 0.5–1.2 0.15–0.25 Mn/Cr Bal. 2.5, 3.0
LY12 3.8–4.9 1.2–1.8 0.3–0.9 — — Bal. 1.0, 1.5, 2.0, 3.0-3 June 2005/Vol. 44(6)
Gao, Cheng, and Xu: Welding of Al alloy plates . . .Fig. 5 Micrograph of the welds of Al alloys: (a) LF2, thickness 1.1
mm, laser power 3.0 kW, welding speed 50 cm/min, assisting gas
Ar; (b) LF21, thickness 1.2 mm, laser power 2.6 kW, welding speed
30 cm/min, assisting gas N2 ; (c) LD2, thickness 2.7 mm, laser
power 3.2 kW, welding speed 50 cm/min, assisting gas Ar; (d) LY12,
thickness 1.1 mm, laser power 3.0 kW, welding speed 30 cm/min,
assisting gas N2 .
Fig. 6 Microstructure of alloy LF2: (a) weld, (b) base (4003).064201Optical Engineeringsile tests show that for some Al alloys, the mechanical
properties of the welds could be near or equal to those of
the base material.
3.3.2 Microanalysis
Micrographs of welded alloys LF2 and LF21 can be seen in
Fig. 6 and Fig. 7, respectively. The weld-zone structure is
somewhat finer than the base material.
Comparing the structure in the weld zone of alloy LD2
with its base material in Fig. 8, we can see that the structure
in the weld is cellular and the trace of rolling disappears.
Micrographs of the weld zone, HAZ, and base material
of LY12 are shown in Fig. 9. The base material has a cel-
lular structure that seems somewhat stretching by rolling.
The structure of the weld zone is also cellular but much
finer. It is caused by the rapid cooling of laser welds, which
greatly increases the nucleation number in the molten pool.
The structure of the HAZ is also cellular, but the size of the
cells is larger, since grain growth has occurred with favored
grains consuming the smaller ones.
Porosity contributes to the reduction of strength in laser
welding of Al alloys. In the experiments, a few pores oc-
curred in the welds of the Al alloys LF2, LF21, LD2, and
LY12. Porosity could be minimized to an acceptable degree
through careful process control and critical material prepa-
Fig. 7 Microstructure of alloy LF21: (a) weld, (b) base (4003).-4 June 2005/Vol. 44(6)
Gao, Cheng, and Xu: Welding of Al alloy plates . . .ration before welding. No cracks were observed in this ex-
periment except in alloy LD2.
3.3.3 Microhardness profile
Microhardness profiles through the base materials and weld
zones of the Al alloys LF2, LF21, LD2, and LY12 can be
seen in Fig. 10.
Alloy LF2 belongs to the Al-Mg alloy series. There is a
single-phase casting structure in the weld zone after laser
welding. Since alloy LF2 is a non-heat-treatable alloy in
which the effect of work hardening and age hardening is
weak, it is easy to understand why there is little noticeable
decrease of the hardness values in the weld zone.
For alloy LF21, which is in the Al-Mn alloy series, it
may be that some strengthening phase, such as MnAl12 ,
appeared in age hardening, but the strengthening is very
small. So the mechanical properties of materials after age
hardening are close to those in annealing conditions. The
microhardness value increases about 40% to 50% due to
the rapid cooling rate.
Alloy LD2 contains alloying elements such as magne-
sium, silicon, and copper. Mg2Si is the major strengthening
precipitate. Since the proportion of copper is small, there is
no obvious segregation in the weld zone. In general, there
is only a small decrease of hardness in the weld zone.
Fig. 8 Microstructure of alloy LD2: (a) weld, (b) base (4003).064201Optical EngineeringDuralumin LY12 belongs to the Al-Cu-Mg-Mn alloy se-
ries. The contents of Cu and Mg are higher and the Cu/Mg
ratio is lower. The alloy LY12 used had been subjected to
solution heat treatment and age hardening. When the tem-
perature exceeds the solvus, the strengthening phases are
dissolved into solid solution. The dissolution increases with
the higher temperature. Thus the effect of previous age
hardening is greatly reduced. Despite the fact that the struc-
ture of the weld zone is much finer than the structure of
Fig. 9 Microstructure of alloy LY12: (a) weld, (b) HAZ, (c) base
(4003).-5 June 2005/Vol. 44(6)
Gao, Cheng, and Xu: Welding of Al alloy plates . . .Fig. 10 Microhardness profiles of laser-welded Al alloys.base material, there is still a large drop of hardness in the
weld zone and HAZ.
3.3.4 Tensile test and fracture metallography
Figure 11 shows tensile test results on the welded samples
and parent materials. Figure 12 shows fracture metallo-
graphs of the welded samples. The non-heat-treatable al-
loys LF2 and LF21 show some ductility and neckdown in
tensile tests. The tensile strength of the welded alloy LF21
sample reaches the parent material’s value. A net pattern is
observed in the fracture area of alloy LF21. A dimple pat-
tern occurs in the fracture area of alloy LF2. However, the
tensile strength of the welded sample is only 70% of the
parent material’s value, due to the existence of a few pores
and small black inclusions.
Because of the annealed structures in the welds with
high contents of alloying elements, along with the existence
of porosity, the alloys LD2 and LY12 became brittle.
Fig. 11 Tensile test of laser welded samples and their parent mate-
rials.064201Optical EngineeringThe tensile strengths of alloys LD2 and LY12 drop dramati-
cally, to 50% and 40% of the parent materials’ values,
respectively.
4 Summary
Under the condition of the non-self-sustained discharge,
pulsation in laser power has been produced by means of
preionized pulse-train switched technique. The merits of
this technique are that the electrode structure is simple and
low-cost, and it is easy to use a small average preionized
power to control a large main discharge power. The train
repetition rate can be varied over a useful range, and the
number of high-frequency pulses in a train can be also var-
ied to achieve the optimum E/N ratio of the discharge.
Using CO2 laser beam as a heat source, Al alloy LF2,
LF21, LD2, and LY12 plates were successively butt-
welded. The non-heat-treatable alloys LF2 and LF21
showed good weldability. For these alloys, the mechanical
properties of the welds are close to those of parent materi-
als. Despite its equal microhardness to the parent material,
the tensile strength of the welded alloy LD2 sample was
greatly lowered, due to the occurrence of annealed structure
and the removal of the effect of previous rolling. For dur-
alumin LY12, a dramatic decrease of mechanical properties
was attributed to the dissolution of strengthening phases,
segregation of the alloying element copper, and higher po-
rosity. To avoid these problems, laser welding with filling
materials and postweld heat treatment can be adopted.
Since laser welding offers many advantages, such as low
heat input, narrow HAZ, and high processing efficiency, it
is a promising technique if the processing parameters are
properly chosen.-6 June 2005/Vol. 44(6)
Gao, Cheng, and Xu: Welding of Al alloy plates . . .Acknowledgment
The authors gratefully acknowledge the support of the Na-
tional Natural Science Foundation of China, and would like
to thank Prof. Lee Ru-feng for her broad and expert assis-
tance in designing and testing the preionizer.
References
1. O. L. Zappa, ‘‘High power repetitively pulsed industrial CO2 laser,’’
Proc. SPIE 1042, 17–24 ~1989!.
2. K. Yasu, M. Kuzumoto, S. Ogawa, M. Tanaka, and S. Yagi, ‘‘Silent-
discharge excited TEM00 2.5 kW CO2 Laser,’’ IEEE J. Quantum Elec-
tron. 25~4!, 836–840 ~1989!.
3. J. Nishimae and K. Yoshizawa, ‘‘Development of CO2 laser excited
by 2.45-GHz microwave discharge,’’ Proc. SPIE 1225, 340–348
~1990!.
4. H. J. Baker and I. Laidler, ‘‘Electrical characterization of pulsed and
cw fast axial flow rf excited CO2 lasers,’’ Proc. SPIE 1225, 349–356
~1990!.
5. S. A. Gnedoy, V. V. Samarkin, and V. P. Yakunin, ‘‘Beam characteris-
tics of CO2 lasers with controllable output mirror,’’ Proc. SPIE 2257,
144–147 ~1993!.
6. G. N. Grachev, A. I. Ivanchenko, A. G. Ponomarenko, and V. B.
Fig. 12 SEMs in the fracture areas of joints (10003): (a) LF2, (b)
LF21, (c) LD2, (d) LY12.064201Optical EngineeringShulyatev, ‘‘3-kW high-beam-quality CW CO2 laser with line tuning
and Q-switched pulsing capabilities,’’ Proc. SPIE 2257, 106–108
~1993!.
7. X. Peng, S. Li, and D. Zuo, ‘‘Study on characteristics of superpulse
discharge for a high-power fast-axial-flow CO2 gas laser,’’ Proc. SPIE
2889, 398–404 ~1996!.
8. X. Peng, S. Li, and L. Xu, ‘‘Numerical modeling on pulse discharge
of a high power fast-axial-flow CO2 laser,’’ Proc. SPIE 2989, 245–
249 ~1997!.
9. S. K. Nikumb, H. J. J. Seguin, V. A. Seguin, and D. Presakarchuk,
‘‘High repetition rate operation of a photoinitiated impulse-enhanced
electrically excited CO2 laser discharge using a burst-mode tech-
nique,’’ Appl. Phys. Lett. 53~14!, 1254–1256 ~1988!.
10. A. K. Nath, H. J. J. Seguin, and V. A. Seguin, ‘‘Optimization studies
of a multikilowatt PIE CO2 laser,’’ IEEE J. Quantum Electron. 22~2!,
268–274 ~1986!.
11. S. K. Nikumb, H. J. J. Seguin, V. A. Seguin, and H. Reshef, ‘‘Gain and
saturation parameters of a multikilowatt PIE CO2 laser,’’ J. Phys. E
20, 911–916 ~1987!.
12. A. Lang and H. W. Bergmann, ‘‘Mechanical properties of laser
welded Al-alloys,’’ in Laser Treatment of Materials, B. L. Mordike,
Ed., pp. 163–168, DGM Verlag, Oberursel, Germany ~1992!.
13. J. Rapp, C. Glumann, F. Dausinge, and H. Hu¨gel, ‘‘Laser welding of
aluminium lightweight materials: problems, solutions, readiness for
application,’’ Opt. Quantum Electron. 27, 1203–1211 ~1995!.
14. P. Okon, G. Dearden, K. Watkins, M. Sharp, and P. French, ‘‘Laser
welding of aluminium alloy 5083,’’ in ICALEO 2002, Vol. 1, pp.
233–241, Laser Institute of America ~2002!.
15. Z.-G. Cheng, X.-Q. Li, X.-L. Chai, H.-J. Gao, and C.-Q. Liu, ‘‘High-
power pulse CO2 laser with preionization burst-mode switch technol-
ogy’’ ~in Chinese!, Acta Phys. Sin. 53~5!, 1362–1366 ~2004!.
16. Z. Cheng, ‘‘Discharge electrode structure of pulsed CO2 laser’’ ~in
Chinese!, Chinese patent No. 99116968.9 ~1999!.
Haijun Gao received the BS degree from
Tsinghua University, Beijing, China, in
2000. He is completing his PhD degree at
Shanghai Institute of Optics and Fine Me-
chanics, Chinese Academy of Sciences,
China.
Zhaogu Cheng is working in high-power
lasers and applications and in precision
measurement as a professor at the Shang-
hai Institute of Optics and Fine Mechanics,
Chinese Academy of Sciences, China.
Guoliang Xu received the BS degree from
Tsinghua University, Beijing, China, in
1996, and the PhD degree from Shanghai
Institute of Optics and Fine Mechanics,
Chinese Academy of Sciences, China, in
2001.-7 June 2005/Vol. 44(6)
